Abstract : In this study, our aim is to realize collision-free guidance control for a small unmanned helicopter. The simultaneous flight of multiple small unmanned helicopters has recently attracted considerable attention for practical operation because of the high efficiency and fault tolerance capability. Collision avoidance should be considered in the guidance system of small helicopters to realize simultaneous flight. The authors adopted nonlinear model predictive control (NMPC) to design a collision-free guidance control system for small unmanned helicopters; collision avoidance was regarded as a state constraint. A hierarchical control structure consisting of an attitude control system and guidance control system was adopted to simplify the overall control system. The authors propose a simple nonlinear translational model of the helicopter to reduce the computational cost of NMPC. The effectiveness of the proposed collision-free guidance control system was verified through both numerical simulation and a flight experiment.
Introduction
Unmanned aerial vehicle (UAV) technology has considerably improved in the last decade, and UAVs are now used not only in research and development but also for various practical purposes such as aerial photography, surveillance and crop dusting. UAVs are safer and more convenient than manned aircraft and can potentially have a wide range of applications. Therefore, researchers have focused on the development, operation, and autonomous control of various types of UAVs: fixedwing-type [1] , [2] , helicopter-type [3] - [7] , tilt-rotor-type [8] , tail-sitter-type [9] and airship-type [10] . Among these, we are particularly interesting in small unmanned helicopters.
Small unmanned helicopters weighing less than 5 [kg] have recently attracted considerable attention owing to their ease of carriage and handling [11] . However, the abilities of such small helicopters are severely limited: for example, they have a small payload and short flight endurance. Moreover, small helicopters may fail frequently as a result of their limited sensing and computational payload. To overcome the problem, the simultaneous flight of multiple small unmanned helicopters has been studied [12] , [13] . The main advantages of simultaneous flight are efficiency and fault tolerance. Operating efficiency may significantly increase when multiple helicopters share the same task; thus the loss of individual helicopters owing to the limited flight endurance can be compensated for. Additionally, even one helicopter has fallen into troubles, the task could be accomplished by other helicopters. Therefore, the robustness and fault tolerance capability of the entire system may be mental results are presented in Sections 3 and 4. Finally, the conclusions are given in Section 5. Figure 1 shows the overview of a small unmanned helicopter used in this study. The collision-free guidance control system for the helicopter is designed based on NMPC. In this study, a hierarchical control structure is adopted. Figure 2 shows an overview of the entire control system. The control system consists of two feedback control loops for attitude control (inner loop) and guidance control (outer loop). The attitude controller stabilizes the attitude dynamics of the helicopter and makes it follow the desired attitude. The guidance controller generates the appropriate attitude and heave command to realize the desired external force vector to guide the helicopter to the target position. NMPC was only adopted for the guidance controller; therefore, the number of states handled by NMPC and computational cost are reduced compared to the full-state feedback case. The hierarchical structure provides additional ease to the control system design. In the case of full-state feedback, it seems to be difficult to choose the weighting matrices of NMPC because the attitude dynamics of the helicopter is more complicated than translational dynamics. By contrast, the choice of the weighting matrices is straightforward when the hierarchical control structure is applied. Moreover, it is easy to apply the proposed guidance control system to other types of UAV by changing only the attitude control system. These reduced computational cost and ease of the design are main advantages of proposed control system compared with conventional control method.
Control System Design
In the following, the modeling of the small unmanned helicopter and design of each control system are described. 
Dynamics of Small Unmanned Helicopter
The helicopter dynamics is modeled for control system design. First, the coordinate systems used for the modeling and control system design are defined. O-frame denotes the inertial frame; its origin is fixed at an arbitrary point on the ground. Z O is aligned with the direction of gravity. B-frame denotes the body frame; its origin is fixed at the center of gravity of the helicopter. X B is aligned with the forward direction of the body, Y B is aligned with rightward direction, and Z B is aligned with downward direction. The attitude of the helicopter is defined as the attitude of B-frame relative to O-frame, and the roll, pitch, and yaw angles φ, θ, ψ are used for attitude expression. C-frame denotes the reference frame; it has the same origin as B-frame. X C -Y C plane is parallel with X O -Y O plane, and this frame rotates about Z O in conjunction with the yaw angle ψ (Fig. 3) . The rotation matrix R OB which expresses the rotation from B-frame to O-frame is defined by using the basis of B-frame x B , y B , z B as follows:
Similarly, R OB is defined by using φ, θ, ψ as
Here, c i denotes cos (i), s i denotes sin (i), and i = φ, θ, ψ.
Next, the mathematical model of the small unmanned helicopter is derived. Considering the linear velocity vector of the helicopter on O-frame as
T , the angular velocity of the helicopter expressed on B-frame as ω = [p q r] T , the translational and rotational dynamics of the helicopter can be obtained as follows: Here, m is the mass of the helicopter, f air is the aerodynamic resistance force, f B is the external force generated by the main and tail rotors on B-frame, and g is the gravitational acceleration vector g = [0, 0, g] T . J = diag(I xx , I yy , I zz ) is an inertia matrix, τ is the external torque vector impressed on the helicopter, andω is the skew-symmetric matrix that represents the vector product and defined as
The external force and torque are generated by the main and tail rotors and are obtained by
Here, a and b are the flapping angles of the main rotor, T m is the thrust of the main rotor, T t is the thrust of the tail rotor, and k β is the spring constant that expresses the stiffness of the rotor blade. l x is the X B axis component of the distance between the center of the tail rotor and the center of gravity, and h is the distance between the center of the main rotor and the center of gravity. Let the rudder control input be δ rud and the collective pitch control input be δ col ; then, the thrusts of the main and tail rotors are
The second equation in Eq. (8) includes the angular rate feedback by the rate gyro. Here, K col and K rud are appropriate coefficients and K g is the feedback gain of the rate gyro. Finally, considering δ ail and δ ele as the aileron and elevator control inputs, respectively, and c and d as the flapping angles of the stabilizer bar, the first-order flapping equations of the main rotor and the stabilizer bar are [3] 16
Here, K L1 , K L2 , and K L3 are constants related to the linkage mechanism of the helicopter. γ b and γ s are aerodynamic dimensionless numbers related to the main rotor and stabilizer bar called blade lock number, and Ω expresses the angular velocity of the main rotor. Using Eqs. (3)- (12), and introducing the three-axis position on O-frame as X = [x y z] T , the 16th-order full-state model of a small unmanned helicopter is as fol-
Directly applying NMPC to this full-state model is difficult because the order of the model is so high, which makes it computationally expensive. Therefore, a simpler model for NMPC design is desired.
Attitude Control System
The attitude dynamics are extracted from the original fullstate model of Eq. (13) for the design of attitude control system. To simplify the attitude model, we made the following assumptions.
• The roll and pitch angles of the helicopter are sufficiently small.
• The flapping angles of the main rotor and stabilizer bar are sufficiently small.
• The yaw rate is stabilized and almost equal to zero.
The first and second assumptions are required for the approximations as sin(u) u, cos(u) 1, and (u = φ, θ, a, b) and to decouple the attitude dynamics. These assumptions are easily satisfied in hovering or low speed situations. These hover or low speed assumption is valid for practical mission because most of the small unmanned helicopter are operated below 3 m/s in complicated environment where the collision likely occurs. The third assumption is required to decouple the dynamics of the angular velocity and can be achieved by using the local feedback of the rate gyro system. Under these assumptions, the following linear and decoupled attitude model can be extracted from the full-state model.
Using the derived model, a linear quadratic integral controller was designed for the roll and pitch axes, and a simple PD controller was designed for the yaw axis. The flight experiment was carried out using the designed controller. The experimental results are shown in Fig. 4 . The solid line represents the desired attitude, the dashed line represents the experimental result, and the chain line shows the simulation results using the derived model. The figure shows that the attitude of the helicopter can be stabilized and that it can follow the desired attitude. The simulation results correlated well with the experimental results. Therefore, the validity of the derived attitude model and efficiency of the designed controller were confirmed.
Guidance Control System
The guidance control system is designed using NMPC. If the attitude control system presented in the previous section is applied, the attitude of the helicopter can be assumed to immediately follow the desired attitude. Therefore, the attitude closed loop system could be virtually regarded as an actuator from the translational dynamics of the helicopter, and the dynamics of the attitude control system is regarded as the dynamics of the actuator. Then, the rotation matrix R OB in Eq. (3) can be regarded as a virtual control input for the system. f B is determined by the collective pitch input δ col . Thus, we can adopt the external force on O-frame
T as the control input for the translational dynamics of the helicopter. Under these assumptions, the translational equation of motion on O-frame Eq. (3), can be simplified as follows:
Here, k x , k y , and k z denote coefficients relate to aerodynamic resistance. Generally, k x , k y , and k z are proportional to the surface area of the object. When the helicopter is hovering, k z can be considered as constant. However, k x and k y may vary in conjunction with the yaw angle because the helicopter shape is long in the anteroposterior direction (Fig. 5) . Therefore, k x and k y are considered to be a function of ψ:
Considering Eq. (20) andẋ = v x ,ẏ = v y , andż = v z , the nonlinear state space equation for translation iṡ
Here, f t is a nonlinear function, the state vector is x = [x y z v x v y v z ] T , and the input vector is u = [ f x f y f z ψ] T . The NPMC based guidance controller is designed using the model as follows.
For the NMPC design, a mathematical model of the helicopter and performance index used for optimization are needed. The mathematical model is derived as Eq. (21); thus, the performance index is still needed. In this study, we adopted the following performance index.
x t andū t are the estimated state and input as predicted by the model. On the right-hand side, the first and second terms the are terminal cost and stage cost, respectively, and they are defined as follows:
S, Q, and R are weighting matrices. The third and fourth terms on the right-hand side of Eq. (22) are related to collision avoidance and input constraints. γ u and γ x are design parameters. The constraints are described in detail below. The third term of Eq. (22) is related to input constraints. In the previous section, we assumed that the attitude of the helicopter is near the hovering state. Thus, the desired attitude angle should be limited to satisfy the assumption. We deal with such a limit as an inequality constraint:
Here, suffix i represents the i th estimate in the evaluation interval, and α [rad] is the permissible maximum tilt angle of the helicopter. The relation between the external force and the tilt angle of the helicopter is shown in Fig. 6 (a) . We introduce such input constraints to the performance index as the penalty function P u (ū(t + τ)), which can be obtained as
The fourth term in Eq. (22) is the state constraints for collision avoidance. To avoid collision, a prohibited area is established around each helicopter or obstacle (Fig. 6 (b) ). The inequality constraints can be obtained as
Here, r is the radius of the closed area. The penalty function related to the state constraint is obtained as follows: 
Using the model Eq. (21) and performance index Eq. (22), the guidance control for a small helicopter with collision avoidance can be regarded as determining the optimal control to satisfy the following optimization problem.
Considering λ as the costate of the system, the stationary condition of the optimization problem can be obtained as follows:
Here, the symbol * denotes the optimum solution, and H denotes the Hamiltonial, which is
The optimal control series u * could be obtained by solving Eqs. (30)- (34), and we use the initial value of u * for the current control input to the system. Finally, the desired attitude and rotor thrust are calculated by using the control input. First, the relation between the external force and the rotor thrust T m is obtained as From the equation, T m can be obtained as
Next, the basis for the Z B axis on O-frame can be obtained as
because the rotor thrust is aligned with the negative direction of the Z B axis. The basis for the X C axis on O-frame can be expressed by using yaw angle ψ as follows:
Using z B and x C , the bases for the Y B and X B axes are obtained as
Finally, the rotation matrix R OB can be calculated by using Eqs. (1), (38), and (40). Equation (2) and yaw angle ψ can be used to uniquely determine the attitude angles φ and θ.
Simulation
A numerical simulation was performed using the designed control system. The effectiveness of the designed state and input constraints was verified. We solved the two-point boundary-value problem of Eqs. (30)-(34) using the C/GMRES method [27] . The parameters and weighting matrices used in the simulation are listed in Table 1 . The prediction step N was set to 20, the sampling time Δt and prediction interval Δτ were each 0.1 s, and the prediction horizon T was T = N × Δτ = 2 s.
Verification of Input Constraint
First, the input constraint was verified. In this simulation, the position reference was set as the step signal, and the desired attitude generated by the guidance controller was compared for the cases with and without the input constraint. The result is shown in Fig. 7 . The dashed line represents the desired attitude without the input constraint, the solid line is with the constraint, and the dotted line represents the attitude angle that follows the desired attitude with the constraint. The figure clearly shows that the desired attitude was kept to 5
• when there was an input constraint, whereas a large overshoot appeared when there was no constraint. The attitude angle was also suppressed to below 5
• , which indicates the effectiveness of the input constraint.
Verification of State Constraint
The state constraint for collision avoidance was verified. First, collision avoidance was simulated for a static obstacle. The result is shown in Fig. 8 . The initial position of the helicopter was set to (0, 0, 0) on O-frame, and the target position was set to (2, 2, 0). Then, the static obstacle was arranged at (1, 0.8, 0). The figure shows that the helicopter avoided the no entry area and converged to the target position, so the state constraint for collision avoidance was shown to be effective.
Next, the collision avoidance was simulated for two static obstacles. In the simulation, two obstacles were arranged between the helicopter and target position. For comparison, the potential field method was also used for obstacle avoidance. The results are shown in Fig. 9 : (a) NMPC and (b) potential field method. In the case of the potential field method, desired position of the helicopter is recursively updated based on the potential field, and NMPC without any state constraints is used to stabilize the helicopter on the desired position. Figure 9 (a) shows that the helicopter was successfully guided to the target position without collision when the proposed guidance control system was used. In contrast, Fig. 9 (b) shows that the helicopter stopped on the way because it fell into the local minima in the case of potential field method. Of course, the result depends on the design of the potential field. However, in the case of more complicated situation such as collision avoidance between multiple helicopters, it is difficult to ensure that the system has no local minima by using only uniform potential field. And, the larger the system is, the more complicated the design of potential field is. By contrast, it is easy to apply NMPC to the complicated case without change of the objective function. From the results, the superiority of the proposed guidance system was shown.
Finally, the proposed method was applied to the collision avoidance of two helicopters. In the simulation, two helicopters flew intersecting trajectories using NMPC. The result is shown in Fig. 10 . Collision avoidance was achieved using the proposed method. Thus, the results show that the proposed guidance system can be easily applied to the collision-free guidance control of multiple small helicopters. 
Experiment
A flight experiment was carried out using the designed guidance control system. An overview of the experimental setup is shown in Fig. 11 . The optical motion capture system and inertial measurement unit (IMU) were used for control. The IMU used sent the data to PC by Bluetooth. In the PC, the states of the helicopter (position, velocity, and attitude) were estimated using the extended kalman filter (EKF) and used for control calculation. Finally, the control inputs calculated by the guidance and attitude controller were sent to the helicopter by a wireless transmitter. A guidance control experiment for collision avoidance of a static obstacle was performed to establish the efficiency of the designed guidance controller. The implementation environment and control parameters are listed in Table 2 . In the experiment, the prediction step N was set to 20, the sampling time Δt and prediction interval Δτ were each 0.1 s, and prediction horizon T is T = N × Δτ = 2 s. The average calculation time of NMPC was 5.8 ms, which was shorter than the sampling time. The initial position of the helicopter was set to (−1.2, −1.2, −0.5) on O-frame and regulated to the origin. The obstacle was at (−0.6, −0.6, 0) and the radius of no the entry area was set to 0.4 m. The result is shown in Fig. 12 . For comparison, the same control experiment was performed using NMPC without a state constraint. In the figure, the solid line represents the flight trajectory of the helicopter with collision avoidance, and the chain line represents the trajectory without collision avoidance. The helicopter went straight to the origin and passed near the obstacle when the control system without the state constraint was used. In contrast, the helicopter avoided the obstacle and converged to the origin when the controller was used with the state constraint. Thus, collision-free guidance control of a small unmanned helicopter was achieved using the proposed guidance control system based on NMPC. However, there are some differences between the result of the simulation Fig. 8 and experiment Fig. 12 . And also the weighting matrices of each case is different. These differences seems to be caused by aerodynamic damping of main rotor which is not included in Eqs. (9), (10) , and (20).
Conclusion
The authors designed a collision-free guidance control system for small unmanned helicopters. NMPC was used in the guidance controller to avoid collision. A hierarchical control structure consisting of an attitude control system and guidance control system was adopted for the control system. A simple nonlinear translational model of the helicopter was proposed to reduce the computational cost of NMPC. The effectiveness of the proposed collision-free guidance control system was verified by a numerical simulation and flight experiment.
In future work, NMPC considering inner loop dynamics will be designed to improve the performance of the guidance control and will realize the simultaneous flight of multiple small unmanned helicopters.
